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High-resolution Fourier-transform XUV photoabsorption spectroscopy of 14 N 15 N 
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The first comprehensive high-resolution photoabsorption spectrum of 14 N 15 N has been recorded using the 
Fourier-transform spectrometer attached to the Desirs beamline at the Soleil synchrotron. Observations are 
made in the extreme ultraviolet (XUV) and span 100 000-109 000 cm -1 (100-91. 7nm). The observed absorp- 
tion lines have been assigned to 25 bands and reduced to a set of transition energies, / values, and linewidths. 
This analysis has verified the predictions of a theoretical model of N2 that simulates its photoabsorption and 
photodissociation cross section by solution of an isotopomer independent formulation of the coupled- channel 
Schrodinger equation. The mass dependence of predissociation linewidths and oscillator strengths is clearly 
evident and many local perturbations of transition energies, strengths, and widths within individual rotational 
series have been observed. 



I. INTRODUCTION 

Molecular nitrogen has been one of the most vigor- 
ously studied diatomic molecules but many details of its 
complex spectrum are still not understood, particularly 
with regard to its strongly and erratically perturbed ab- 
sorption intensities and predissociation linewidths. More 
detailed experimental knowledge of N2 photoabsorption 
and photodissociation, and their isotopic dependence, 
would help clarify the quantum-mechanical picture of 
the molecule and is of particular application to a broad 
range of studies concerning atmospheric and astrophysi- 
cal photo-chemistryii~— 

On the experimental side, a variety of techniques 
have been employed to chart the dipole-allowed ab- 
sorption spectrum of N2 which begins at 100 nm and 
extends to shorter wavelengths, thus restricting opti- 
cal experiments to windowless techniques. Electron- 
energy-loss spectroscopy has revealed many prominent 
features at low resolution^— which have been recorded 
with greater precision by means of classical spectroscopy 
in emission 8 - - — and in absorption*!^— The finest res- 
olution has been achieved by using combinations of 
molecular beams and narrow-band tunable XUV laser 
sources* 1 ^— Quantitative measurements of oscillator 
strength have only been made for absorption bands of 
the most abundant isotopomer, 14 N2, and have been 
derived from grating-based spectrometry combined with 
synchrotron-generated XUV radiationji^r— These follow 
earlier studie a 20 ' 21 which suffered from saturation effects 
due to insufficient resolution. Measurements of predisso- 
ciation rates have been obtained from linewidth stud- 
ies using lase r 14 ' 22 ' 23 and synchrotron^ 7 -"— sources, as 
well as pump-probe experiments with picosecond time 
resolutioni 2 ^— The excitation of predissociative states 
from charge-exchanged molecular beams has also pro- 
vided information about the excitation levels of atomic 



photofragments i 27 ' 28 

Much less is known about the less abundant N2 iso- 
topomers. There have been several studies over the years 
of isotopically purified samples of 15 N^t~— and only a 
few scattered observations of 14 N 15 N appearing in natu- 
ral abundance (0.74%)1±22£&22. This is despite the lat- 
ter being of particular importance to studies of isotopic 
fractionation in planetary atmospheres^ Information on 
/ values and predissociation rates of the secondary iso- 
topomers is very limited but comparison with common 
bands of 14 N2 shows large differences in the observed 
energy-level perturbations and predissociation ratesi 34 ' 35 

On the theoretical side, the seemingly erratic order- 
ing of bands appearing in the N2 XUV spectrum was fi- 
nally explained by assignment to a minimal series of 
and 1 II„ states which are mutually perturbed by strong 
homogeneous Rydberg- Valence interactions ! 12 ' 36 ' 37 This 
basic theoretical picture culminated in a much later 
paper— which provided a seminal quantitative model 
of the N2 spectrum by solution of the coupled-channel 
Schrodinger equation (CSE)^^ For this, the and 
1 II K states and their homogeneous electronic- interactions 
were treated separately but later models have included 
heterogeneous coupling terms which mix the symme- 
try classesj 41 ' 42 The ab initio calculation of electronic- 
transition moments connecting the excited and 1 II ll 
states with the ground state allowed for the reproduction 
of the 14 N2 optical-absorption spectrum as it was then 
known 4 s - 

A more recent CSE model built upon the previous the- 
oretical work and more recent experimental data pro- 
vided a new quantitative understanding of the energy- 
level structure and predissociation mechanism of IL U 
levels ) 34 ' 44 including rotational and isotopic effects. This 
work required the inclusion of a series of homogeneously 
interacting 3 II M states, some of which are dissociative, 
and are spin-orbit coupled to the singlet manifold. These 
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3 II U levels are not accessible by optical transitions from 
the ground state, so have been observed only 

sparsely and often by indirect means i£ i 45 i 46 An experi- 
mentally rehned set of electronic-transition moments was 
incorporated into the CSE model^ and allowed for the 
quantitative reproduction of experimental absolute /- 
values for many 14 N2 transitions to 1 Ii u excited-levels. 

Fourier-transform spectroscopy (FTS) is a powerful 
tool which is widely used for studies at infrared and vis- 
ible wavelengths, and has been extended to the vacuum- 
ultraviolet (VUV) by one previous instrument^ The 
principal advantages of interferometry are the combina- 
tion of high resolution and the simultaneous measure- 
ment of a large spectral region, and an automatically 
linear frequency scale. Recently, the technique has been 
extended beyond the VUV optical-transmission limit and 
coupled to the Desirs-beamline undulator source at the 
Soleil synchrotroni 49 i 50 This new instrument provides 
an unprecedented opportunity to record comprehensive 
14 N 15 N absorption spectra suitable for the determination 
of /-values and natural linewidths. 



II. EXPERIMENTAL PROCEDURE AND 
ANALYSIS 

The characteristics of the Desirs beamline FTS^2r— 
and general properties of ultraviolet interferometry^ are 
given in detail elsewhere and are only briefly described 
here. The spectrometer is based upon a wave-front- 
division interferometer and may be operated at XUV and 
VUV wavelengths. A reflection-only configuration has 
been chosen due to the difficulty in manufacturing beam- 
splitters with the required optical-quality in the VUV 
and transparency in the XUV. The coherent synchrotron- 
beam is spatially divided at the interface of two roof- 
shaped reflectors and an interference pattern is generated 
following its recombination at a photodiode. An inter- 
ferogram is recorded by systematically translating one of 
the reflectors, altering the optical path-difference of the 
divided beams. The purified 14 N 15 N sample flows con- 
tinuously through a 100 mm windowless absorption-cell 
with two 150 mm x 28 mm 2 external capillaries. Thus, 
the sample gas column density could not be diagnosed 
absolutely. 

The synchrotron-beam spectrum was produced by an 
undulator insertion which provided a continuum back- 
ground of high brightness and with a bandwidth of ap- 
proximately 7% of its central energy. The energy range 
studied here required two overlapping spectral windows 
with approximately 7000 cm" 1 bandwidth. Figure Q] 
shows a combined spectrum. Ultimately, the FTS can 
achieve a resolving power close to one million for XUV 
wavelengths down to 40 nm42 For the present study, the 
FTS settings have been chosen as a compromise between 
a good signal-to-noise ratio, resolution, and a reasonable 
stability of the mirror translation mechanism (see below 
for a detailed discussion on this latter point). Instru- 



mental settings corresponding to a theoretical resolution 
of 0.27 cm -1 full-width at half-maximum (FWHM) were 
adopted for the presently-reported measurements. 

A small section of the measured spectrum is shown 
in Fig. [5] and is compared to a model spectrum. The 
latter was constructed using fitted values for the tran- 
sition energies; integrated line-strengths, S; and natural 
widths, r, of all observed absorption lines. These param- 
eters were used to synthesise an absorption cross-section, 
ct(^), as a function of wavenumber, v, and with each line 
represented by a Voigt profile equivalent to a convolution 
of its natural Lorentzian lineshape and Gaussian-shaped 
Doppler broadening. The latter broadened the observed 
lines by 0.23-0.26 cm" 1 FWHM over the span of observed 
energies recorded during these room temperature mea- 
surements. A model transmission spectrum, was 
then calculated according to, 

I{y) = |/oMcxp[-VaH]|* 

f. (1.2v\ . /41n2 /-41n2^ 2 \l 

and directly compared to the observed transmission spec- 
trum. Here, * indicates a convolution; Iq(v) is the in- 
dependent intensity of the synchrotron light-source; N is 
the column density of the target gas; and the instrumen- 
tal broadening is represented by the right-hand braced 
term which consists of two components convolved to- 
gether. The first of these arises from the finite path- 
difference achievable while recording interfcrograms and 
contributes a FWHM of Ti = 0.27 cm -1 , which is the in- 
strument's theoretical resolution. The second factor con- 
tributes additional Gaussian-shaped broadening which 
was found to be necessary during the analysis of the 
14 N 15 N spectrum. The natural linewidths of several 
observed bands are known from previous experiments; 
i.e., excitations to b(0), b(l), 6(5), b(6), and 03(0) (with 
widths and references listed in Table ITI|; and c' 4 (2) (listed 
in Table lHT|) . Without additional instrumental broaden- 
ing the fitted widths of transitions to these levels were 
consistently larger than expected by ^O.OScm" 1 FWHM. 
Because of this, a compensating Gaussian broadening 
was introduced by setting T 2 in Eq. ([1]) to 0.13 cm" 1 . 
This value was arrived at by fixing the widths of model 
transitions to the 6 levels listed above and optimising 
T 2 so as to best match the observed spectrum. The 
6 bands were fitted independently with r 2 falling in 
the range 0.11-0.14 cm -1 FWHM, neglecting a somewhat 
larger value for the relatively weakly appearing 6(0) — X 
band. This spread implies an uncertainty in the adopted 
mean value of ~ 0.02 cm" 1 FWHM. The likely cause 
of this extra broadening is the non-ideal collimation of 
the synchrotron beam entering the FTS. The broadening 
of narrow features in FTS spectra has been previously 
note d 52 i 53 where a component of the incident radiation is 
not aligned with the interferometer's principal axis. The 
angular distribution of the present synchrotron beam is 
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FIG. 1. The measured transmission spectrum of 14 N 15 N. The observed bands have been labelled according to their excited 
vibrational level. The plotted spectrum shows two separate measurements which are connected at 106 900 cm -1 . 
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FIG. 2. The recorded transmission spectrum of b 1 Tl u (v = 5) <— X(0) (upper trace) and the residual error of a model spectrum 
following the fitting of lineshapes (lower trace). 



apparently significant but is not well known. Here, a 
simple Gaussian model of the resultant broadening was 
adopted in the absence of a more precise characterisation. 

The parameters defining each model line were ad- 
justed by an optimisation routine until a least-squares 
best-fit of I(y) of Eq. (jTj) to the experimental spectrum 
was achieved. The deduced transition-energies were con- 
verted into excited-state term energies using the known 
ground-state molecular parameters of 14 N 15 Ni^ Indeed, 
the fitting of congested spectra was facilitated by the fix- 
ing of combination differences arising from ground-state 
energies for modelled P( J' + 1) and R( J' — 1) lines which 
terminate on common excited-state rotational levels, J'. 
Similarly, any natural broadening of such pairs of transi- 
tions can only be due to predissociation of their common 



excited level, and so a common value was assumed. 

The deduced integrated line strength for a transition 
from the J" rotational level of the ground state to an 
excited electronic- vibrational level is equivalent to 

Sj,j„ = J u(y)dv, (2) 

where the range of integration spans the non-negligible 
extent of each line. Each measured line strength was con- 
verted into a line /-value, following division by a ground- 
state population factor, aj« , which models a Boltzmann 
distribution at a temperature of 300 K. These have been 
reduced further to a set of band /-values, fj>, calcu- 
lated for each rotational line by the further division of a 
Honl-London rotational line-strength factor appropriate 
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TABLE I. Combined Honl-London and degeneracy factors rel- 
evant to the absorption transitions observed here. 



to each rotational transition,— and an additional factor 
due to the degeneracy of each ground-state rotational 
level and the double degeneracy of 1 n u excited states. 
The relevant values of these combined factors, S_jn, are 
listed in Table Q] Then, band /-values were calculated 
according to 

_ / 4e TO e c 2 \ Sj'j» 
V e 2 J aj^Sj,, 

1.1296 x IQ-^Sj.jn 



where the second form is appropriate for integrated line- 
strengths in units of cm. The quantity fj> is only rep- 
resentative of the integrated strength of an electronic- 
vibrational band if it is isolated from other electronic 
states. That is, a variation of fji within a rotational 
series indicates the presence of a perturbation^ and it 
is appropriate to index this by J' only because the N2 
ground state is known to be unperturbed. Furthermore, 
heterogeneous perturbations may cause fj> to diverge for 
transitions with common J' but appearing within differ- 
ent rotational branches 

The uncertainties of fitted transition-energies were es- 
timated during the optimisation of the model spectrum 
and (for well-resolved lines) typically had a standard 
deviation of ^0.02 cm -1 . An inherent property of the 
FTS-deduced transition energies is that they may be cal- 
ibrated absolutely across an entire spectrum by the multi- 
plication of a single scaling factor. In principle, this could 
be achieved by comparison with a single reference line. In 
this case, absolute calibration was made by comparison 
with a previous high-precision laser-based experiment,- - 
with reference to 24 transitions terminating on various 
rotational levels of b 1 H u (v — 5,6), C3 1 II U (^ = 0), and 
b' = 1). The absolute uncertainty of the reference 

data was estimated to be 0.003 cm -1 and the combined 
statistical and systematic-calibration uncertainties of ob- 
served transition energies and deduced term values are 
dominated by the statistical component in most cases. 
None of the laser-spectroscopic reference lines fall in the 
range of the higher-energy spectrum plotted in Fig. [T] and 
this was calibrated by reference to lines overlapping the 
lower-energy spectrum. 

The deduced /-values acquired uncertainty from three 
different sources. First, the random errors introduced 



by fitting to a noisy spectrum were assessed by the op- 
timisation routine and varied broadly depending on the 
signal-to-noise ratio at each line's peak and its blend- 
edness. Second, the column density of flowing 14 N 15 N 
in the FTS absorption cell is unknown so that the de- 
duced absorption /-values must be uniformly scaled rel- 
ative to an absolute reference. There are no existing 
measurements of 14 N 15 N absolute /-values but 14 N2 has 
been characterised with 10% uncertainty in a previous 
synchrotron- and diffraction-grating-based absorption 
experiment! 1 ^— A calibration of 14 N 15 N column density 
may be made relative to 14 N2 assuming an isotopomeric 
independence of /-values. This independence is reason- 
able only for the lowest b 1 Tl u vibrational levels because 
of the occurrence of large isotopomer-sensitive perturba- 
tions for higher-energy electronic-vibrational states, as 
discussed below. A column density of 1.2 x 10 15 cm~ 2 
was deduced for the lower-energy FTS spectrum plotted 
in Fig. [T] following the comparison of 14 N 2 and 14 N 15 N 
/-values for 82 rotational transitions to 5 excited vibra- 
tional levels, b 1 Ii u {v = — 4). Overlapping bands of 
the higher-lying spectrum were cross calibrated with this 
and a column density of 1.1 x 10 15 cm~ 2 deduced. Given 
the large number of transitions compared between exper- 
iments and spectra, the uncertainty of the deduced col- 
umn densities are dominated by the original 10% trans- 
ferred from measurements of 14 N2. Thus, a 10% sys- 
tematic uncertainty has been assigned to all measured 
/-values. Third, a significant addition to the uncer- 
tainty of measured /-values arises from environmentally- 
induced mechanical vibrations afflicting the translation 
mechanism of the FTS. Assuming the occurrence of a 
periodic translation-error as the path difference of the 
interferometer is scanned, the resultant spectrum will in- 
clude ghost reproductions of itself doubly repeated at 
higher and lower energies^ In the present measure- 
ments, the environmental noise is sufficiently aperiodic 
that sharp spectral features are not apparently aliased 
in this way, apart from a few extremely-weak ghost fea- 
tures which are likely to be associated with the very 
strong band c' 4 (0) 4 S]+ — X(0). However, an apparent 
random- variation of the center energy of the synchrotron- 
beam bandpass resulted in completely saturated absorp- 
tion lines in the recorded spectrum with minima that do 
not correspond to zero transmission. Locally shifting the 
spectrum vertically until the lineshapes of saturated fea- 
tures are adequately reproduced by a model fit allowed 
for an assessment of this spurious effect. In all cases, a 
shift of 5% of the undulator peak-intensity, or less, was 
necessary and it was assumed that a worst-case vertical 
shift of this magnitude may affect all lines. An additional 
uncertainty was estimated for each line according to the 
range of fitted line strength following from an assumed 
upward or downward shift of this magnitude. 

The statistical line-fitting error and column density un- 
certainty are dominant for lines appearing weakly in the 
spectrum. Strongly absorbed lines are more sensitive to 
a vertical shift of the spectrum, as are those lines near 
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Internuclear distance (A) 

FIG. 3. Model potential-energy curves for the /-parity II„ 
and 3 n„ states of N2. Horizontal lines indicate the vibrational 
energies of observed 14 N 15 N 1 Tl u levels and the energy scale 
is relative to the ground-state potential minimum. 



the low-intensity wings of the undulator bandpass, and 
this effect dominates their uncertainty. 

The statistical errors of fitted natural linewidths were 
calculated by the line-fitting routine and an additional 
systematic uncertainty arises from the vertical shifting of 
the FTS spectrum. The magnitude of the latter was es- 
timated in the same fashion as the /-values uncertainty 
discussed above and, in the case of linewidths, is typ- 
ically much smaller than the statistical fitting errors. 
Any error in the width of instrumental broadening in 
Eq. ([I]) will lead directly to an error in fitted natural 
linewidths and in consideration of this an extra system- 
atic uncertainty of 0.03 cm -1 FWHM was attributed to 
all fitted linewidths. This is more conservative than the 
uncertainty of T2 estimated above in order to account 
for potential model error incurred by assuming Gaus- 
sian broadening in Eq. ([1]). Deduced natural linewidths 
nominally below 0.03 cm" 1 FWHM were assumed indis- 
tinguishable from zero and neglected. 



III. CSE MODELLING 

The absorption /-values and predissociation broaden- 
ing of 14 N 15 N 1 n„ — X transitions were also studied here 
by means of a theoretical model of the molecule. A 
previously formulated CSE 39,40 model of N2 1 n u -states 
was extended to make new calculations for higher-energy 
14 N 15 N vibrational levels than previously studiedi 34 i 44 i 47 
The relevant 1 II„ potential-energy curves (PECs) are 
plotted in Fig. [3] and include one valence state, labelled 
6, and two Rydberg states, c 3 and 03. The existence of 
large electronic perturbations mixing these states is well 
known, with magnitudes of ~ 10 3 cm" 1 . 34 ' 38 ' 43 



The Born-Oppenheimer approximation^ factorises the 
diatomic molecular- wavefunction, (j>i(r,R), according to 

rl>i{T,R)= X (R)<j>(T;R). (4) 

This includes a vibrational component, x(-R), which de- 
pends only on internuclear distance, R, and an electronic 
component, <f>(r;R), which principally depends on elec- 
tron coordinates, r, which are relative to the molecular 
center-of-mass. The Born-Oppenheimer approximation 
is unsuitable for the modelling of high-precision exper- 
imental data because it is assumed that the electronic 
wavefunction has only negligible independence. The 
CSE technique considers a more general electronically- 
mixed wavefunction which includes contributions from 
all 1 n„ states, 

Mr,R)= XiiWMlR), (5) 

j=b,c 3 ,o 3 

where multiple independent solutions are enumerated by 
i. 

The electronic wavefunctions in Eq. are not explic- 
itly calculated, instead these are parameterised by a set 
of diabatic PECs, Vj(R), and ^-dependent electronic- 
coupling parameters, (i\H cl (R)\j') , which may be ar- 
ranged into a convenient matrix, 

/ V b (R) (b\H c \R)\c 3 ) (b\H c \R)\o 3 )\ 
V(R) = (b\H°\R)\c 3 ) V C3 (R) (c 3 \H° l (R)\o 3 ) . 
\(b\H c \R)\o 3 ) (c 3 \H cl (R)\o 3 ) V 03 (R) ) 

(6) 

Then, a matrix of coupled vibrational-wavefunctions is 
the solution of the radial coupled-channel Schrodinger 
equation, 

-^X(R) = J^X(R)IE-V(R)}. (7) 

Separate solutions may be calculated for each value of 
the total energy, E, and reduced mass, ji. Adjust- 
ment of \i is sufficient to extend the CSE calculations 
to any isotopomer of N2 without alteration of the mass- 
independent PECs and coupling parameters. 

The 1 n u PECs and interaction parameters were op- 
timised with comparison to a database of experimen- 
tal energy levels^ The addition of an extra term, 
H 2 J(J+l)/2fiR 2 , representing a centrifugal potential 
was added to the CSE PEC s 44 i 47 which allowed for 
the calculation of excited rotational levels, according 
to the total angular-momentum quantum-number, J. 
Previously, the CSE model was used to calculate term 
origins and rotational constants for all 1 H U levels be- 
low 105 350 cm -1 and reproduced their experimentally 
known values to within 0.5 and 0.007 cm -1 , respectively, 
for all three isotopomers of Similar agreement is 

seen for calculations compared to the newly observed 
14 N 15 N levels following a slight adjustment of the II U 
PECs necessary to account for the present extension to 
higher energy. 
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The additional definition of a ground-state PEC 
and vibrational wavefunction \x(R), and i?-dependent 
electronic-transition moments^ Rj X (R), for the optical 
transitions b — X, C3 — X, and 03 — X permitted the cal- 
culation of an absorption cross-section, aixj'j" from the 
CSE-calculated coupled wavef unctions, according to 



ViXJ'J" 



4fre n 



j=b,c 3 ,o 3 



s. 



iXJ'J" 



xUR) R e jX (R) xx(R)dR 



(8) 



Here, Sixj"j' is a Honl-London rotational line-strength 
factor— which differs for electronic states of different 
symmetry and ground- and excited-state rotational lev- 
els, J' and J", respectively. Resonances in the Cixj'j" 
spectrum are of mixed electronic character and must be 
assigned to approximate electronic-vibrational progres- 
sions as is done for experimental spectra. The calculated 
cross-sections may be converted to equivalent band /- 
values and the model electronic-transition moments were 
optimised with respect to a set of experimental 14 N2 ab- 
sorption /-values4£ These transition moments were not 
altered for the present calculations of 14 N 15 N. 

Predissociation of the states was long suspected to 
arise from multiple spin-orbit perturbations with bound 
and dissociative states of 3 n u symmetr y 12 ! 14 ! 36 The pre- 
cise mechanism has been deduced by Lewis et a/i 34 ' 46 i 58 
and the resultant picture of 3 n u states consists of two 
with valence character, C 3 H U and C 3 H U , and two 
Rydberg-states, G 3 3 IT U and F 3 3 iT„; with PECs plotted 
in Fig. [3] The C 3 H U and C 3 n u states were incorporated 
into an extended matrix of the form of Eq. ([6]) , along with 
an electronic coupling between them and spin-orbit in- 
teractions mixing them with the 1 Ii u statesi 34 i 44 ' 47 This 
allowed for quantitative CSE modelling of the predisso- 
ciation linewidths of the lowest 1 LT U levels. These cal- 
culations demonstrated good agreement with the then- 
available experimental linewidths collected from all three 
isotopomers of N2 j 34 i 46 The inclusion of an unbound 
state, C" 3 IT U , in the CSE formulation permits the cal- 
culation of Eq. © for all values of E, in which case the 
predissociation of 1 Tl u levels manifests as broadened res- 
onances in a continuous absorption cross-section. 

The CSE model employed here does not include states 
with symmetry, and so is only strictly represen- 

tative of the /-parity levels of the doubly-degenerate 
1 I1 U states. This results from a rotational-perturbation 
which mixes e-parity levels of the 1 H U and states^ 
and increases in severity approximately proportionately 
to J(J + 1). Consequently, the lowest-J e-parity 1 H U 
rotational-levels will be least perturbed, as will those for 
1 n tl vibrational- levels which lie below the onset of the 
states. Because of these rotational interactions, the 
14 N 15 N linewidths and /-values deduced from observed 
P- or i?-branch transitions with e-parity 1 H U excited- 
states may then differ from those inferred from Q-branch 



lines with excited levels of /-parity. All of the strictly- 
e-parity 1 E+ levels will be more or less heterogeneously 
perturbed; except those with J = 0, because of the lack 
of perturbing 1 Ii u J — levels. 



IV. RESULTS AND DISCUSSION 

A total of 25 absorption bands were observed and 
reduced to a set of transition energies, line strengths, 
and natural linewidths. Excited-state term values have 
been calculated from the observed transition energies and 
known ground-state level energies^ and band /-values 
have been calculated from the observed line strengths 
according to Eq. ([3]). The complete set of deduced line 
parameters is available in an on-line data archive accom- 
panying this article.-- Important features of the observed 
— X- and 1 E+ — X- bands are discussed in the fol- 
lowing subsections. This discussion does not emphasise 
classical spectroscopic analysis of band parameters and 
molecular constants, and instead favours a direct assess- 
ment of the primary data. This is believed to be appro- 
priate because the highly perturbed N2 spectrum can be 
more profitably modelled by CSE-type calculations than 
local deperturbation methods. 

Evident in the observations of excited 1 LI U and 1 E+ 
states are a number of rotationally-dependent transition- 
energy and linewidth perturbations that indicate the 
presence of additional 3 n u states beyond the scope of 
the present CSE model. This includes the appearance 
of extra lines in the spectrum arising from nominally 
forbidden absorption to these levels. The analysis and 
discussion of these perturbations is reserved for a later 
publication. 



A. 1 T1 U states 

A summary set of rotationless quantities is given in 
Table ILT1 for the observed 1 LI tl — X transitions. For these, 
the experimentally deduced line parameters have been 
extrapolated to J' = in order to facilitate a simple 
comparison with CSE-calculated values and other exper- 
iments. There is no physical level corresponding to J' = 
in the case of 1 U U states but a smooth extrapolation has 
been made to a virtual J' = level which is, in princi- 
ple, free of 4 E+ ~ 1 H U rotational mixing for both e- and 
/-parity levels. Also listed are CSE calculations of 1 TL U 
rotationless /-values and predissociation linewidths, as 
well as any previous linewidth measurements. 

Figure H] compares the available experimental 1 II U — X 
/-values for 14 N 2 and 14 N 15 N with CSE calculations for 
all isotopomers. It was assumed during the calibration 
of the experimental column density that the /-values of 
b(v — — 4) — X are mass independent, and this is sup- 
ported by the model calculations. In general, the CSE 
model predictions of 14 N 15 N /-values are in excellent 
agreement with the new experimental values deduced 
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Excited state 




,/ b 


To 


~! 

T o° fo 


f CSE 

Jo 


To 


r CSE 




6(0) 


39 


14 


100 830.42 


100 830.42^ 0.0023(3) 


0.0023 


0.06(3) 


0.068 


0.065(21^ 


6(1) 


61 


22 


101453.68 


101453.24^ 0.0086(9) 


0.0084 


0.04(3) 


0.030 


0.028(16£ 


6(2) 


63 


22 


102 140.36 


0.021(2) 


0.020 


0.76(3) 


0.69 




6(3) 


61 


22 


102 841.46 


0.041(6) 


0.039 


2.66(3) 


2.60 




6(4) 


71 


25 


103 517.22 


0.063(7) 


0.058 


1.46(4) 


1.23 




cs(0) 


80 


28 


104104.93 


104104.93^ 0.045(5) 


0.047 


0.12(3) 


0.094 


0.11(3£ 


6(5) 


63 


24 


104 656.94 


104 656.90^ 0.0056(6) 


0.0049 




0.010 


<0.006^ 


6(6) 


50 


19 


105 291.22 


105 291.23^ 0.0035(4) 


0.0033 




0.0085 


0.0074(29^ 


o 3 (0) 


50 


20 


105 664.43 


0.00059(7) 


0.00064 








6(7) 


65 


23 


106 044.83 


106 045.02^ 0.016(2) 


0.016 








cs(l) 


67 


25 


106 488.53 


0.039(5) 


0.040 


0.03(3) 






6(8) 


21 


21 


106 848.07^ 


< 0.0003 


0.00013 








6(9) 


53 


19 


107 545.05 


107 545.26^ 0.0041(5) 


0.0035 


0.10(3) 






o 3 (l) 


64 


23 


107606.72 


107 607.03^ 0.015(2) 


0.014 


0.25(3) 






6(10) 


60 


22 


108 262.65 


0.010(1) 


0.0092 


0.10(3) 






c 3 (2) 


65 


25 


108 624.65 


100 624.69^ 0.012(1) 


0.011 


0.14(3) 






6(11) 


47 


17 


108 997.53 


0.0042(5) 


0.0037 


0.30(3) 







a The number of observed rotational transitions. 
b The maximum observed rotational excitation. 
c Ref. [U 
d Ref. H3. 

e Predicted by the CSE model. 
f Ref. 
8 Ref. 



TABLE II. Summary of deduced line parameters extrapolated to J' = for excited II U states. A term origin, To, band /-value, 
fo, and natural linewidth, To, is given for each absorption band. Comparable quantities are also listed as determined from the 
CSE model and previous observations, superscripted with "CSE" and "ref", respectively. 




101000 102000 103000 104000 105000 106000 107000 108000 109000 

T (cm- 1 ) 

FIG. 4. Band /-values, fo, extrapolated to J' = for the X U U <- X bands of 14 N 2 , 14 N 15 N, and 15 N 2 (blue, red, and 
green lines and circles; respectively); plotted versus their 14 N 15 N term -origins, To. Experimental data from the present 14 N 15 N 
observations and previous 14 N 2 measurements-^— *■ are plotted as filled circles, and CSE-calculated /-values are represented 
by line vertices joining the vibrational series of b^^Ilu, C3 1 n«, and 03 1 n u (solid, dashed, and dotted lines; respectively). The 
locations of 03(1) and 6(9) have been shifted from their true To for clarity and only an upper-bound could be determined for 
the rotationless /-value of 6(8) — X. 



here, validating the accuracy of the model electronic- 
transition moments constructed with reference to 14 N2 
only4£ 

The mass dependence of b 1 II U — X /-values is much 



greater for vibrational levels above the onset of the Il u 
Rydberg states. Large variations with isotopomer are 
evident for absorption to b(v = 5, 6) and 03(1; = 0, 1), and 
the largest of all predicted for 6(8) — X. No rotational 
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lines from this band with J' < 12 were observed in the 
present 14 N 15 N spectrum and only an upper bound could 
be deduced for the J = /-value, in agreement with its 
CSE-predicted weakness. 

Particularly interesting is the factor-of-5 difference in 
the rotationless /-values of 6(9) — X and 03(1) — X, with 
absorption to 6(9) being the stronger in observations of 
14 N^ and 03(1) in the present spectrum of 14 N 15 N. This 
switch occurs because of a change of sign in the quantum 
interference of mixed 6 — X and 03 — X transition ampli- 
tudes where there is a change in energy ordering. That is, 
the term origin of 03(1) lies below 6(9) for 14 N2 and above 
it for the other isotopomers. Indeed, there is a level cross- 
ing in the 14 N 2 rotational series of 03(1) and 6(9) between 
J = 4 and 5, which leads to the 03(1) — X /-value being 
the larger for this isotopomer also for J > 5. 32 These 
isotopomeric differences are well modelled by the non- 
linear sum of transition amplitudes in Eq. ((5]), whereby 
mass-dependent shifts of 1 n u levels are sufficient to alter 
their degree of mixing and cause the observed variation 
of /-values to occur in the CSE calculations. 

The rotational dependence of 1 I1„ — X /-values is sum- 
marised in the various plots of Fig. [5] The experimentally 
determined and CSE-modelled /-values are in excellent 
agreement for all of the observed vibrational bands, even 
where the variation with J approaches an order of mag- 
nitude, as is the case for absorption to 6(6), 6(8), and 
03(0). The model actually predicts the complete disap- 
pearance of 6(6) — X and 6(11) — X for rotational transi- 
tions above those observed. Additionally, the band head 
of 6(8) — X is completely invisible in the FTS spectrum 
and the experimental /-values that have been deduced 
exhibit a rapid growth, in line with the CSE calculations. 
In fact, the CSE model predicts completely-destructive 
interference of the 1 H U — X transition amplitudes de- 
scribing absorption to 6(8), leading to a minimum in the 
14 N 15 N Q-branch /-values at J' = 8, and similar minima 
at J' = 12 and for the cases of 14 N 2 and 15 N 2 . 

In the case of 6(3) — X, it was not possible to indepen- 
dently fit lineshapes to each rotational transition because 
their linewidths are similar to their spacing, and the P 
and Q branches are unfortuitously overlapped. Instead, a 
smooth variation of band /-values was assumed for each 
rotational branch and constrained to the following poly- 
nomials with optimised coefficients: 

fp( J') = 0.042 - 2.5 x 10- 5 J'( J' + 1); 
/q(J') = 0.041 - 2.0 x 10~ 5 J'{J' + 1); 
f R ( J') = 0.040 - 0.7 x 10~ 5 J'(J' + 1). 

An attempt to model the /-values of all three 6(3) — 
X rotational branches to a common function resulted in 
a poorer fit to the FTS spectrum, suggesting that the 
deduced splitting of the branches for high J is a real 
phenomenon. 

Several 1 H U — X bands are observed to have P- and 
i?-branch /-values which increasingly diverge from the Q- 



branch with increasing J, notably for excitation to 6(5), 
6(6), 03(0), 03(1), and 03(0). This is due to heterogeneous 
mixing with the 4 £+ states and is discussed further in 
Sec. EH 

The experimental and modelled rotationless linewidths 
of 14 N 15 N span several orders-of-magnitude, as demon- 
strated in Fig. [5] CSE-calculated and previous exper- 
imental linewidths of 14 N 2 and 15 N 2 are also shown in 
this figure and exhibit a large mass dependence for many 
1 H U levels. The various experimental natural linewidths 
are not strictly comparable with the CSE-calculated dis- 
sociation linewidths which do not include the broadening 
influence of radiative decay. In effect, this is only sig- 
nificant for the least predissociated levels such as 6(1), 
where the difference between calculated and observed 
width for 14 N 2 6(1) is eliminated once radiative decay 
is considered^ 

In Fig. [5J the CSE model correctly reproduces the 
large 14 N 15 N linewidths of b(v = 2,3,4) and c 3 (0), all 
of which differ by a significant amount from the previ- 
ously observed 14 N 2 and 15 N 2 widths, providing further 
validation of its predictiveness. The lack of observable 
linewidths encountered in the 1 N 15 N spectrum for ex- 
cited levels between 6(5) and 6(8) is unsurprising given 
the narrowness of their linewidths predicted by the CSE 
calculations and observed for the other isotopomers. A 
broadening of 14 N 15 N levels then occurs for 6(9) and 
higher levels, which is consistent with the general trends 
observed for 14 N 2 and 15 N 2 . There is a reversal of the 
ratio of 6(9) and 03(1) linewidths with respect to 14 N 2 
and the other isotopomers apparent in Fig. [6] which is 
analogous to the previously-discussed /-value anomalies 
of 6(9) — X and o 3 (l) - X. 

The general trend of predissociation widths in Fig. [6] 
suggests a maximum near 103 000 cm -1 and minimum 
around 106000 cm -1 . This is consistent with the pic- 
ture of 3 II M predissociation deduced by a previous CSE 
models which included a representation of not only 
C 3 II M and C 3 II U but also the Rydberg states G3 3 II M 
and F3 3 II U , a lack of which limits the present model to 
the calculation of widths for levels below 03(0) No 1 n u 
states were included in the G3 /F3 model but it is reason- 
able to assume an approximate transfer of the energy 
dependence of 3 H U predissociation to these, explaining 
the broad similarity of 1 II U linewidths in Fig. [6] and the 
predicted widths of 3 IL U states shown in Fig. 4 of Ref. HH. 

The rotational dependencies of comparable observed 
and calculated 1 II U linewidths are plotted in Fig. [7] The 
linewidths of some excited levels were assumed to follow 
a simple polynomial dependence with fitted coefficients. 
This was necessary in the case of 6(0) — X because this 
band appears relatively weakly in the spectrum and with 
a poor signal-to-noise ratio, whereas the linewidths of 
6(1) — X are close to the lower bound of measurabil- 
ity, and the rotational lines of 6(3) — X are excessively 
blended. For these bands, fitted natural linewidths were 
assumed to have the following forms for both e- and /- 
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FIG. 5. Rotational dependence of 1 n u — X absorption /-values, labelled according to excited level. Values are given for 
experimental and modelled Q-branch transitions (dark points and lines, respectively), as well as for experimental P- and R- 
branch transitions (light circles and crosses, respectively). In the case of 6(3) — X, the experimental /-values were constrained 
to simple polynomial forms for each of the P, Q, and R branches (light, empty, and filled circles; respectively). The uncertainty 
of 6(3) — X /-values is estimated to be 0.006. 



parity levels: 

r 6(0 )(J) = 0.055 + 9.0 x 10~ 4 J( J + 1); 
r b(1) (J) = 0.043 - 1.9 x 10~ 4 J(J + 1); 
r b(3) (J) = 2.66 + 1.1 x 10~ 3 J {J + 1) cm" 1 FWHM. 



The similarity of e- and /-parity linewidths is a reason- 
able assumption given the negligible heterogeneous mix- 
ing of b(v = 0,1,3) with the higher-lying 1 E+ states, 
evident in the /-values of Fig. [5l 

The agreement between CSE-calculated and experi- 
mental linewidths in Fig. [7] is very good even for the 
J-dependent trends of 6(2) and 6(4) widths, which ex- 
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FIG. 6. Experimental natural linewidths, To, extrapolated to J' = of excited 1 II„-states of 14 N2, 14 N 15 N, and 15 N2 
(blue, red, and green lines and points; respectively); plotted versus their 14 N 15 N term-origins, To. Experimentally determined 
natural linewidths are from the present and previous observations (filled and empty circles, respectively), and CSE-calculated 
predissociation linewidths (which exclude radiative broadening) are connected by lines. The locations of 03(1) and 6(9) have 
been shifted from their true To for clarity and a horizontal line has been superimposed indicating the minimum width detectable 
in the present 14 N 15 N spectrum. References to previous measurements of 14 N 15 N linewidths are given in Table [TT1 values for 
14 N 2 and 15 N 2 are collected from a variety of sources.— ^'S'^a^iS^iffi 



hibit variation up to a factor of 4. There is, however, an 
apparently-uniform under-calculation of linewidths for 
6(2), 6(4) and 03(0) which cannot be explained by the 
neglect of additional broadening due to radiative decay. 
This suggests that an adjustment of the CSE coupling of 
1 n u and 3 IT„ states may be necessary. 

B. X S+ states 

A summary set of rotationless quantities is given in 
Table Mil for the observed 1 E+ — X transitions. There 
are no comparable experimental /-values or rotation- 
less natural-linewidths apart from a measurement of the 
width of c 4 (l)2i which falls below the lower measurable 
limit of the present observations, as do the linewidths of 
all other observed 1 E+ — X transitions with the excep- 
tion of excitations to 6' (6) and 6' (7). No J-dependence of 
linewidths was observed for these two vibrational levels. 

The dearth of 4 E+ states observed to prcdissociate 
is unsurprising if it is assumed that this should follow 
from a highly indirect mechanism requiring their rota- 
tional coupling to states which are in turn spin- 
orbit coupled to 3 II U states. Interestingly, the approx- 
imate J (J + 1) proportionality expected for rotational- 
coupling- induced predissociation is not observed for 6' (6) 
and 6' (7). An alternative homogeneous-predissociation 
mechanism involving a direct interaction of 6' X E+ with 
the f2 = levels of C 3 H U or C 3 II U offers a possible ex- 
planation of the 6' (6) and 6' (7) linewidths. Significantly 
J-dependent natural linewidths were observed for b' (4) 
for J > 3 and will be discussed in a future paper concern- 



ing the detection of 3 II U states in the 14 N 15 N spectrum. 

Figure [5] shows the rotational dependence of experi- 
mental /-values for the observed 4 E+ — X bands. In 
all cases, there is a strong J-dependence of /-values and 
some degree of divergence of the two rotational branches. 
Particularly large branching is seen for 6' (4) — X , where 
the lack of measurements of /-values for i?-branch lines 
with J' > 10 is due to their complete disappearance from 
the spectrum. Similarly, the large branching ratio for 
6' (7) — X is not well highlighted in Fig. [5] because of the 
completely annihilated P-branch for J' > 4. 

An example of strong state-interaction occurs for the 
group of bands C3(0) x n„, c 4 (0) X E+, b'il) 1 ^, and 
6(5) 1 Il ti and has been analysed previousl y 15 ' 61 ' 62 with 
respect to 14 N2 and 15 N2. A homogeneous interaction of 
c 4 (0) and 6'(1) is evident in the present 14 N 15 N spectrum 
from a mutual repulsion of their deduced term series from 
a crossing point between J = 10 and 11. This perturba- 
tion is also evident in the /-values of Fig. [5] where the 
very strong c 4 (0) — X band is anomalously weakened near 
J = 10, while the much weaker 6'(1) — X is greatly in- 
creased. Without this interaction and the transfer of line 
strength from c 4 (0) — X it is likely that 6'(1) — X would 
be too weak to be observed in the present spectrum, as 
6'(0) - X, 6'(2) — X and b' (3) - X are. 

There is also an evident P/R branching of c 4 (0) — X 
/-values, with the P branch appearing stronger for J < 
10. The reverse branching is evident in the /-values of 
€3(0) — X, plotted in Fig.0 and these effects are broadly 
attributable to a heterogeneous interaction of c 4 (0) 1 E+ 
and 03(0) 1 IT M e-parity states so that the observed levels 
are of mixed l Yi^/ l H u character. Then, the mixing of 
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FIG. 7. Linewidths of 1 IT U levels. Values are given for experimental and CSE-modelled /-parity levels (dark circles and lines, 
respectively) and experimental e-parity levels (light circles). Some /-parity experimental widths were deduced by assuming 
a simple polynomial form (dashed lines) and the uncertainties of these are dominated by the estimated 0.03 cm -1 FWHM 
systematic error due to the necessary calibration of the FTS instrument-function. 



Excited state AT^ T T rcf f T r T c{ 



4(°) 


53 


27 


104 324.46 


104 324.64^ 0.134(14) 




6'(1) 


28 


17 


104419.12 


104 419.01^ 0.0003(2) 






37 


19 


106 338.46 


0.0060(7) 




6' (4) 


34 


22 


106 607.60 


0.0017(3) 




6'(5) 


34 


17 


107 277.10 


0.00099(13) 




6' (6) 


35 


If) 


107 937.08 


107 937.50^ 0.0015(2) 


0.08(3) 


4(2) 


37 


21 


108 469.71 


0.0011(2) 




6'(7) 


22 


17 


108 877.93 


108 877.89^ 0.00042(8) 


0.11(4) 



a The number of observed rotational transitions. 
b The maximum observed rotational excitation. 

c An unpublished observation in high pressure 14 N2 absorption measurements of Ref. Il7l . 
d Ref. M. 
e Ref. tU 
f Ref. ||. 
g Ref. HI 

TABLE III. Summary of deduced line parameters extrapolated to J' = for excited states. A term origin, To, band 
/-value, /o, and natural linewidth, To, is listed for each absorption band. Comparable quantities determined from previous 
observations are superscripted with "ref" . 



line strength factors for pure transitions of type II — E 
and E — E leads to a constructive interference in the 
case of one rotational branch and destructive interference 
for the other ,£££2 Furthermore, the highest- J 04(0) - X 
transitions in Fig. [3] indicate a dominant P-branch. This 
reversal with respect to low J is not mirrored in the /- 
values of 03(0) — X, indicating that c 4 (0) is now princi- 
pally perturbed by 6(5) which lies at higher energy and 
exhibits an appropriately strengthened P-branch. The 
weakening of the 6(5) — X P-branch with respect to the 



P-branch for increasing rotation is dramatically evident 
in the experimental trace plotted in Fig.[2j The Q-branch 
of 6(5) — X is seen to have an intermediate strength be- 
cause such H u — X transitions terminating on /-parity 
levels are not prone to heterogeneous interaction with the 
1 E+ states. 

A similar degree of multi-state mixing is suggested by 
the /-values of 04(1) and 6' (4) which may be principally 
attributed to their own homogeneous mixing as well as 
heterogeneous interactions with the nearby 1 IT^ levels 
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FIG. 8. Rotational dependence of x Ej — X experimental 14 N 15 N /-values labelled according to their excited vibrational-level. 
Values are shown for P- and i?-branch transitions (dark and light points, respectively). 



c 3 (l) and 6(8). Likewise, the observed heterogeneous 
perturbation of 6' (7) and c4(2) /-values is primarily the 
result of rotational mixing with 6(11) and 03(2). 

These examples illustrate the multi- level nature of per- 
turbations that occur throughout the N2 spectrum. But 
because of the strength of the responsible electronic and 
rotational interactions, these are best explained in a 
global manner, such as by means of the CSE technique, 
rather than in terms of a local perturbation of a finite set 
of bands. 



V. CONCLUSIONS 

The results of a survey of 14 N 15 N XUV photoabsorp- 
tion between 100 000 and 109 000 cm -1 are presented here 
and in an accompanying data archive^ in terms of ob- 
served line-energies and linewidths, and deduced term- 
values and /-values. All of these data were derived from 
measurements made with the FTS permanently fixed to 
the Desirs undulator source at the Soleil synchrotron, 
and this combination of an intense and broadband XUV 
source and very highly resolving spectrometer is well 
suited to the present study. The revealed patterns of 
/-values and natural linewidths are complicated and per- 
turbed at both the vibrational-band and rotational level, 
and differ markedly from observations of the other two 
isotopomers of N2. The effects of indirect predissocia- 



tion are clearly evident in the measured linewidths, and 
the divergent /-values of rotational branches within the 
same band clearly indicate the rotational mixing of 1 H U 
and levels. 

A CSE model was constructed without reference to 
the data collected here but its predictions are uniformly 
excellent when compared with the new measurements, 
providing further proof of the suitability of the technique 
for the modeling of the N2 spectrum. Work is under 
way to extend the CSE formulation to include e-parity 
excited states and a more complete interaction of 
and states with the dissociative 3 H U states. This 
work will be aided by observations in the present 14 N 15 N 
spectrum of previously-undetected direct perturbations 
between singlet and triplet levels, which are currently 
being analysed for a future report. 
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